A population genetic analysis of the long-wavelength opsin (OPN1LW, ''red'') color vision gene in a global sample of 236 human nucleotide sequences had previously discovered nine amino acid replacement single nucleotide polymorphisms, which were found at high frequencies in both African and non-African populations and associated with an unusual haplotype diversity. Although this pattern of nucleotide diversity is consistent with balancing selection, it has been argued that a recombination ''hot spot'' or gene conversion within and between X-linked color vision genes alone may explain these patterns. The current analysis investigates a closely related primate with trichromatism to determine whether color vision gene amino acid polymorphism and signatures of adaptive evolution are characteristic of humans alone. Our population sample of 56 chimpanzee (Pan troglodytes) OPN1LW sequences shows three singleton amino acid polymorphisms and no unusual recombination or linkage disequilibrium patterns across the ;5.5-kb region analyzed. Our comparative population genetic approach shows that the patterns of OPN1LW variation in humans and chimpanzees are consistent with positive and purifying selection within the two lineages, respectively. Although the complex role of color vision has been greatly documented in primate evolution in general, it is surprising that trichromatism has followed very different selective trajectories even between humans and our closest relatives.
Introduction
Through large-scale comparisons of the human and chimpanzee genomes, a number of studies have attempted to identify the genes underlying the evolutionary change between us and our closest primate relatives (e.g., Clark et al. 2003; Bustamante et al. 2005 ; Chimpanzee Sequencing and Analysis Consortium 2005). Of the genes most evolutionarily diverged, those with sensory perception functions were overrepresented, such as olfactory (Niimura and Nei 2003; Gilad et al. 2003; Nozawa et al. 2007 ) and bitter-taste receptor genes (Wang et al. 2004; Fischer et al. 2005; Go et al. 2005) . Although these analyses capture ''ancient'' events, comparative population genetic approaches examining sensory perception would reveal how chimpanzee and human lineages have recently diverged . For example, haplotype analyses of the bitter-taste receptor gene TAS2R38 in humans are consistent with balancing selection (Wooding et al. 2004 ), whereas chimpanzee polymorphism shows that they have independently evolved a similar bitter-taste sensitivity (Wooding et al. 2006) .
One of the most widely studied examples of adaptive diversification of sensory perception in primates is that of X-linked color vision variation. Trichromatic color vision in catarrhines (Old World monkeys and apes, including humans) is due to an autosomal-linked S-opsin (OPN1SW, ''blue'') gene and an X-linked gene duplication ;30-40 Ma that resulted in L-(OPN1LW, ''red'') and M-opsin (OPN1MW, ''green'') genes (Nathans et al. 1986; Jacobs et al. 1996) . The OPN1LW and OPN1MW genes each code for a 364 amino acid protein (.98% similar). Many have estimated ranges of color vision perception from these proteins' amino acid sequences given the strong correlation between opsin wavelength absorption maxima (k max ) and single amino acid variants. In fact, only ;5 amino acid residues may account for the difference in k max between the Land M-opsins (Merbs and Nathans 1992; Asenjo et al. 1994; Sharpe et al. 1998; Yokoyama and Radlwimmer 2001) . The OPN1LW and OPN1MW genes are separated by ;24 kb, and recombination and gene conversion in this array still frequently occurs, resulting in deletions and duplications that are responsible for ''red/green'' color blindness in ;8% of the male human population (Hayashi et al. 1999; Sharpe et al. 1999) . Interestingly, several variants are found within the human L-opsin protein that also have functional, and even behavioral, implications (Merbs and Nathans 1992; Winderickx et al. 1992 Winderickx et al. , 1993 Asenjo et al. 1994; Sharpe et al. 1998; Jameson et al. 2001) .
Several studies have proposed that this L-opsin amino acid variation persists because purifying selection maintains only a few specific amino acid residues to distinguish M-and L-opsins (Merbs and Nathans 1992; Winderickx et al. 1992 Winderickx et al. , 1993 , and thus, these L-opsin amino acid variants are simply ''neutral.'' However, in the first DNA sequence analysis of OPN1LW in a global population sample of 236 human ''color normals,' ' Verrelli and Tishkoff (2004) found an unusual haplotype structure associated only with high-frequency amino acid polymorphisms and observed no fixed amino acid differences since our divergence from chimpanzees, which argued that positive selection has shaped human color vision variation within populations.
Opsin protein variation is found in several primates and is believed to confer color vision perception that is adaptively tuned for foraging efficiency, as in the detection of ripe fruits or immature leaves (e.g., Mollon 1989; Dominy and Lucas 2001; Martin and Ross 2005) . Although studies have examined OPN1LW-coding regions among primates (e.g., Deeb et al. 1994; Tan and Li 1999) , there are very few comparative population genetic analyses of exons and introns with tests of selection at primate color vision genes. In fact, we lack these data for even another great ape to compare with the high human OPN1LW variation. In continuing with our comparative genetic analysis of primate color vision systems (Verrelli and Tishkoff 2004; Perry et al. 2007 ), we conducted the first DNA sequence analysis of exons and introns at OPN1LW in a chimpanzee population to determine the selective forces shaping color vision in our closest primate relative.
Materials and Methods

Primate Samples
The major question of interest here involves how color vision gene variation differs between humans and chimpanzees. Thus, although several chimpanzee subspecies are recognized, Pan troglodytes verus appears to have nuclear genetic diversity comparable to that of humans (Chimpanzee Sequencing and Analysis Consortium 2005). We have collected a sample of population genetic data from this subspecies and, additionally, a few individuals from other chimpanzee subspecies for comparison. Nucleotide sequences were collected from DNA samples of 45 unrelated chimpanzees: 40 from the western African P. t. verus, 3 from the central African Pan troglodytes troglodytes, 1 from the eastern African Pan troglodytes schweinfurthii, and 1 Nigerian Pan troglodytes vellerosus chimpanzee purported to be an additional subspecies (Gonder et al. 1997) . Samples were imported in accordance with the Convention on International Trade in Endangered Species of Wild Fauna and Flora under permit 99US013176/9. One gorilla (Gorilla gorilla gorilla) was also sampled for our analysis. In addition to these new data, we add 5 P. t. verus, 1 P. t. troglodytes, and 236 human OPN1LW nucleotide sequences from Verrelli and Tishkoff (2004) .
The human data set includes 163 males from 11 subpopulations within sub-Saharan Africa and 73 males from 8 groups outside of this geographic region (referred to as ''African'' and ''non-African,'' respectively). Because OPN1LW is X linked, sampling males enables the unambiguous determination of polymorphisms (i.e., no heterozygous sites) and haplotype phase. All Pan troglodytes were males except for 5 P. t. verus. As is the case with our other analyses of these 5 females (e.g., Verrelli et al. 2006) , each of these individuals had two different haplotypes that could be resolved empirically (see below). Thus, our chimpanzee analyses reflect a total of 4 P. t. troglodytes, 1 P. t. schweinfurthii, 1 P. t. vellerosus, and 50 P. t. verus OPN1LW sequences.
OPN1LW Fragment Amplification and Sequencing
As in humans, the OPN1LW and OPN1MW genes are situated in the same orientation and location on the X chromosome and separated by ;24 kb in chimpanzees. Exons 1 and 6 are identical in nucleotide sequence for OPN1LW and OPN1MW human genes, but exons 2-5 code for amino acid residues that greatly influence k max (Merbs and Nathans 1992; Asenjo et al. 1994; Sharpe et al. 1998) . As in Verrelli and Tishkoff (2004) and Winderickx et al. (1992) , primers in exons 2 and 5 were used to amplify single OPN1LW copies by polymerase chain reaction (PCR). This ;5,464-bp product (a few indels vary the size), which includes all of intron 2 through a partial exon 5, was prepared for DNA sequencing using shrimp alkaline phosphatase and exonuclease I (US Biochemicals, Cleveland, OH). All nucleotide sequence data were obtained with an ABI 3730 automated sequencer (Applied Biosystems, Foster City, CA), and sequence files were aligned using the Sequencher v. 4.5 program (Gene Codes, Ann Arbor, MI). Exon 5 codes for two major amino acid differences that account for the largest differences between the L-and M-cone opsin k max and are used to predict functional absorbance from inferred amino acid sequence: the Tyr277Phe (;7 nm) and Thr285Ala (;14 nm) variants (Neitz et al. 1991; Yokoyama and Radlwimmer 2001) . Expressed L-cone opsins have the Tyr277 and Thr285 residues ; and thus, all PCR fragments were first analyzed for their exon 5 nucleotide sequence to verify that they were only L-cone opsins. In the case of the aforementioned 5 P. t. verus females, the ;5.5-kb product was cloned using the Invitrogen TOPO-XL kit and a clone was sequenced along with the initial PCR product. All single nucleotide polymorphisms (SNPs) identified in the cloned sequence that did not appear in the initial PCR sequence were considered cloned artifacts and ignored.
Data Analysis and Statistical Tests
Because our data collection reflects a random sample of chimpanzees with respect to OPN1LW genetic variation (i.e., we have no a priori phenotypic evidence for color vision variation), all statistics and neutrality tests should reflect the frequencies of variants found in the natural population. There has been little genetic evidence to date to suggest any significant underlying demographic history within chimpanzee subspecies groups, such as population expansion or substructuring. However, human population samples from sub-Saharan Africa and outside this geographic region show markedly different genetic patterns with higher nucleotide diversity, less linkage disequilibrium (LD), and a greater effective population size (N e ) for the former compared with the latter (e.g., Tishkoff and Verrelli 2003a) . Therefore, we present all estimates of nucleotide diversity from our African and non-African humans separately to appropriately compare with our chimpanzee sample. We also present population genetic parameter estimates for P. troglodytes overall as well as comparisons among the subspecies.
We have used the Rozas et al. (2003) DnaSP v. 4.1 program for our population and comparative species genetic analyses. ''Silent'' SNPs (which refer to introns and synonymous sites in exons, throughout the study) do not alter the amino acid sequence and, here, are used to best reflect neutral evolution in all tests. Locus-specific estimates of the population parameter h 5 3N e l (for X-linked genes) were calculated using the number of SNPs as h W of Watterson (1975) , which is corrected by sample size through a coalescent estimation. These measures were compared with the estimate h p , which is based on the average number of pairwise differences among all sequences, and thus, sample size is also taken into consideration. These two estimates, h W and h p , are expected to be equal under neutrality. This can be assessed using Tajima's (1989) D test, which examines the SNP frequency spectrum and evaluates whether the number of SNPs are higher or lower than expected, given their frequencies and the number of sequences sampled. Positive D values are consistent with balancing selection, whereas negative D values imply directional selection. Changes in demographic history, such as population structure or expansion, may also be consistent with positive or negative D values, respectively; thus, the statistical significance of all measures of diversity and neutrality tests were computed using coalescent simulations and permutations in DnaSP. For example, we simulated 1,000 genealogies with observed values of h W to estimate how often we would find the observed values of h p and Tajima's D by chance alone (i.e., neutrality), given the sample sizes of humans and chimpanzees in our analysis. In using coalescent simulations to determine statistical significance, we effectively account for all differences in sample sizes across humans and chimpanzees that may otherwise effect statistical tests of polymorphism data.
To examine the haplotype structure at OPN1LW, we calculated LD and estimated the recombination parameter q 5 3N e c (where c is the recombination rate per base pair) across the ;5.5-kb region in chimpanzees for comparison with humans. We used the LDhat program of McVean et al. (2002) , which applies the approximate likelihood method of Hudson (2001) , to estimate q. LDhat conducts a permutation analysis to determine whether pairwise comparisons among SNPs exhibit significantly more or less LD given the locus-specific estimate of q and SNP frequencies. As determined by LDhat, uninformative SNPs (i.e., rare) were omitted for these analyses.
Finally, to examine older lineage-specific changes in selective pressures, we compared chimpanzee OPN1LW polymorphism at silent and replacement sites with fixation between chimpanzee and human OPN1LW at silent and replacement sites with the McDonald and Kreitman (1991) test of neutrality. If amino acid replacement sites are evolving according to neutrality, we may expect that the ratio of replacement polymorphism to fixation will approximate this same ratio at silent sites. The OPN1LW sequence from the single gorilla individual was used to facilitate the polarization of fixed differences within human and chimpanzee lineages.
Results
Chimpanzee OPN1LW Diversity
In humans, single X chromosomes can have more than one OPN1LW copy (e.g., Sjoberg et al. 1998) . If there are SNPs among paralogous OPN1LW copies, they would be easily detectable from our nucleotide sequences given that the large majority of our sampled individuals are males. For example, the presence of multiple OPN1LW gene copies with different nucleotide sequences would be apparent from ''heterozygous'' sites (paralogous sequence SNPs). Such duplications were previously seen in ;5% of human PCR amplifications, and these individuals were omitted from all analyses (Verrelli and Tishkoff 2004) . However, in the current study, we did not observe a single instance of heterozygous sites within chimpanzee individuals. Figure 1 shows a schematic of the OPN1LW gene and the region sequenced for our chimpanzee and human population samples. Our analysis involves 456 bp in exons 3-5 and 5,008 bp in introns 2-4 that have a total of 5,118 effectively neutral silent sites. In our sample of 56 chimpanzee chromosomes, we find 42 variants, which include an 11-bp deletion in intron 2, a 2-bp deletion, and a 1-bp insertion in intron 3 (where insertion/deletion status was deduced from comparison with human sequence). Of the 39 SNPs, there are one silent and three replacement SNPs in exon 4, which are found as ''singletons'' in our population sample, and involve two amino acid changes in a single individual (Ile230Thr, site 3734 and Ala233Ser, sites 3742-3743; figs. 1 and 2). Otherwise, the remaining 35 SNPs are distributed over introns.
For silent site diversity at OPN1LW, chimpanzees are far less variable than humans. Humans show silent site diversity (p 5 0.31%, after multiplying by 4/3 for it being X linked) that is over three times that found in the nuclear genome on average, and given the relatively few replacement sites in exons (;300), the nine replacement SNPs are (163), and non-African (73) humans. Asterisks denote significant differences between the latter two samples using a chi-square statistical test (P , 0.01).
unusually high. In addition, all replacement SNPs are found across African and non-African populations and several show significant frequency differences between the two (table 1 and fig. 1 ). After correcting for being X linked, chimpanzee silent site diversity (p 5 0.08%) is average compared with the genome (Deinard and Kidd 1999; Kaessmann et al. 1999; Stone et al. 2002; Gilad et al. 2003; Yu et al. 2003; Fischer et al. 2004; Wooding et al. 2005; Verrelli et al. 2006) , which demonstrates that the silent site discrepancy between the two species is likely due to an excess of human variation.
Although our sample of P. t. troglodytes is not considered a population sample per se, this subspecies appears to have greater nucleotide diversity than humans have, which is true for nuclear genes in general. This subspecies of chimpanzee also shows silent diversity similar to that of African humans, whereas P. t. verus has considerably less and similar to that found in non-African humans. Interestingly, silent site diversity among P. t. troglodytes haplotypes is even greater than that found among chimpanzee subspecies (table 2) . On the other hand, consistent with other nuclear loci (Yu et al. 2003; Fischer et al. 2004; Wooding et al. 2005; Verrelli et al. 2006) , nucleotide diversity among P. t. verus haplotypes is about half that found among subspecies (tables 1 and 2).
Silent site diversity in chimpanzees appears to be significantly skewed toward an excess of rare SNPs, as indicated by the negative Tajima's D values (table 1) . However, as has been documented before for these samples subspecies, but when small samples of each (e.g., one for each of P. t. schweinfurthii and P. t. vellerosus) are combined into one sample, it appears that these SNPs are singletons at low frequencies. In fact, when the P. t. verus sample as well as the smaller sample of P. t. troglodytes is analyzed alone, no excess of rare alleles is seen (table 1) . When analyzed separately, African and non-African human samples also show no significant skew toward rare frequency silent SNPs. Altogether, it appears that silent site diversity in humans and chimpanzees is consistent with neutrality. In contrast to silent site diversity, humans and chimpanzees show very different patterns of variation for amino acid replacement sites. Although both species possess replacement polymorphisms, these SNPs in P. t. verus are very rare in frequency (all three found as singletons in one individual, fig. 2 ), which results in a significantly high negative Tajima's D value. In contrast, human replacement SNPs are not only high in number but several are high in frequency (table 1 and fig. 1 ), which results in a significantly high positive Tajima's D under a standard neutral model of human population expansion (Verrelli and Tishkoff 2004 ).
Recombination and LD Analyses
Analyses of LD and recombination are only truly valid when conducted for within-population samples; and thus, we included only our samples of P. t. verus and humans for these comparisons. In addition, the amount of variation found within and between the chimpanzee subspecies at OPN1LW also warrants that these groups be analyzed separately, as is the case for African and non-African human samples. For chimpanzee OPN1LW, only 8 pairwise comparisons in the P. t. verus sample of 16 SNPs were significantly correlated given the overall maximum likelihood (ML) estimate of recombination at OPN1LW, which finds very little evidence of historical crossing-over across the ;5.5-kb region (q % 0). These few correlations were not clustered in any specific gene region and include SNPs across introns 2-4. Thus, no unusual pattern of LD or recombination was apparent in the chimpanzee sample.
This pattern in chimpanzees is in sharp contrast to the estimates of LD and recombination found in humans. As previously noted, overall, there is far more diversity in the human sample, and this is associated with ML estimates of recombination that are also very high in both Africans and non-Africans (q . 100). Given these estimates, it is not surprising that only 56 of the .700 African pairwise comparisons and 25 of the .300 non-African pairwise comparisons show significant LD, all of which are spread across introns 2-4. Surprisingly, given the overall high levels of gene-specific recombination, significantly high levels of localized recombination were still detected in both human population samples as a hot spot in the 169 bp of exon 3. In fact, 125 of the African and 59 of the non-African correlations had significantly less LD given the gene-specific estimate of q, yet 86 and 49 of these correlations, respectively, are clustered in only an 86-bp region centered on exon 3. The HOTSPOTTER program designed by Li and Stephens (2003) was used to show that this clustering was significant; the haplotype diversity in this region appears to have recombination rates that are 20 and 5 times greater in Africans and non-Africans, respectively, compared with the rest of the ;5.5 kb (Verrelli and Tishkoff 2004) .
OPN1LW Interspecific Analyses
Silent site fixation at OPN1LW (45 differences, 0.9%) is similar to other nuclear gene comparisons between humans and chimpanzees (1.1%; Fischer et al. 2004; Wooding et al. 2005 ; Chimpanzee Sequencing and Analysis Consortium 2005; Verrelli et al. 2006 ), yet there is no amino acid fixation. In spite of this, both chimpanzees and humans show high levels of amino acid polymorphism, and analyses of P. t. verus as well as African and non-African human samples show significant McDonald-Kreitman tests of neutrality (table 1) . However, measures of diversity (p) and SNP frequency distributions (Tajima's D) of replacement SNPs in the two species indicate that, although unexpectedly high in number, these SNPs are demonstrably rare in frequency for chimpanzees but very common for human populations (table 1) .
Discussion
Amino acid replacement polymorphisms are not common for the human genome in general, and yet when present, are often associated with low frequencies or even singletons that imply at least weak purifying selection (i.e., Ohta 1992) acting across populations (e.g., Bustamante et al. 2005; Boyko et al. 2008; Lohmueller et al. 2008 ). Focus remains on those genes that show different patterns of amino acid polymorphism across populations and species and thus point to phenotypes under positive selection that is unique to the human or chimpanzee lineages. One example is of the human G6PD locus that shows several amino acid polymorphisms that have recently risen to high frequencies with strong LD in geographic regions of malarial endemism (Tishkoff et al. 2001; Verrelli et al. 2002; Saunders et al. 2005 ). Yet, G6PD in chimpanzees and all other great apes shows strong purifying selection and no significant LD and unusual haplotype structure, thus implying that positive selection for malarial resistance has targeted this locus recently only in humans ). In this current study, we have examined another phenotype, trichromatism, which shows very different patterns of genetic diversity between humans and chimpanzees. Some have suggested that the abundance of amino acid polymorphism at human OPN1LW is the result of gene conversion (Winderickx et al. 1993) and not necessarily adaptive evolution. Although Verrelli and Tishkoff (2004) used human polymorphism data to address this question, the current comparative study tests a second hypothesis. If this pattern in humans is simply due to structural gene organization (i.e., gene conversion) and weak purifying selection, given that chimpanzees may also experience gene conversion in this tandem gene array (e.g., Zhou and Li 1996) , we may expect to see patterns of amino acid variation in chimpanzees similar to those in humans.
First, if gene conversion is the sole explanation for OPN1LW diversity, then we may expect that both silent and amino acid polymorphism, and fixation, show similar patterns. In spite of typical silent diversity and fixation, chimpanzee replacement SNPs are singletons found on only one haplotype ( fig. 2 ). These two amino acid polymorphisms, at residues 230 and 233, are similarly found only together in 1% and 5% of haplotypes in African and nonAfrican humans, respectively ( fig. 1) , and are identical to that found at OPN1MW. That is, this identical ''block'' of replacement SNPs found rarely in both humans and chimpanzees is clearly the result of single-gene conversion events that transport this variation from OPN1MW to OPN1LW. As is true in humans, we find that chimpanzee introns at OPN1LW are more similar to OPN1MW than they are to their OPN1LW homologs in other primates, which is the most obvious impact of long-term gene conversion. However, in contrast to chimpanzees, humans have nine replacement SNPs whose derived allele frequencies range from 1% to 90% ( fig. 1) , showing a discrepancy in how gene conversion alters amino acid variation in the two species. It is possible that gene conversion is simply higher in humans, yet we may not expect OPN1LW silent divergence to be higher in chimpanzees than in humans (31 vs. 14, with gorilla as outgroup). In addition, several high-frequency human OPN1LW replacement SNPs are not found in OPN1MW (Winderickx et al. 1993) , which is also unexpected given that gene conversion should be unbiased if it is simply a neutral mechanism that drives variation.
Another signature of gene conversion is the unusual pattern of haplotype diversity that extends across exon 3 in humans. Recombination hot spots within and between human and chimpanzee genomes have recently been identified Crawford et al. 2004; Ptak et al. 2004 Ptak et al. , 2005 Myers et al. 2005; Winckler et al. 2005; Coop et al. 2008) . It is possible that these hot spots over small areas (,1 kb) are the result of gene conversion that shuffles small tracks preferentially (Ardlie et al. 2001; Frisse et al. 2001; Przeworski and Wall 2001; Reich et al. 2002; Wall 2004) . At OPN1LW, the entire ;5.5-kb region shows no dramatic pattern of LD and no recombination rate variation in chimpanzees. Furthermore, the fact that recombination rates in the Xq28 region are generally low (e.g., Ardlie et al. 2001; Frisse et al. 2001; Matise et al. 2007) indicates that the observed pattern in humans, and not chimpanzees, is unusual.
It is difficult to reconcile how a neutral substitution model could explain the lack of amino acid fixation between the two species in the last 5-7 My since their divergence, the observation of only three replacement singletons in chimpanzees, as well as explain several high-frequency replacement SNPs in human populations. It is also difficult to employ a neutral model of gene conversion or a recombination hot spot to explain the haplotype structure associated with human replacement SNPs, given only one replacement haplotype from gene conversion and the lack of unusual LD in chimpanzees. Although it is apparent that gene conversion occurs in both species in introns and exons, replacement SNPs are found at different frequencies in human and chimpanzee OPN1LW, many of which have measured functional affects (Merbs and Nathans 1992; Asenjo et al. 1994; Sharpe et al. 1998) . Based on our data, it appears that certain residues that are implicated in changes to opsin k max and spectral tuning, especially 277 and 285 (.7-14 nm) and to a lesser degree 230 and 233 (,5 nm), are under purifying selection in both species. This is unlike other amino acid sites, such as the 180 variant in humans, which although may alter the k max , 5 nm, shows very different patterns of frequency and haplotype variation in the two species. Thus, several pieces of information support the conclusion that the different patterns of amino acid variation in humans and chimpanzees are the result of selective and not neutral processes alone. In fact, as our comparative population genetic studies of human and chimpanzees mount, like G6PD and OPN1LW, it will be interesting to see how often unusual haplotype diversity in the genome is more often explained by different selective pressures and not by varying recombination rates across species (Tishkoff and Verrelli 2003b; Wall and Pritchard 2003; Reed and Tishkoff 2006; Verrelli et al. 2006; Clark et al. 2007) .
Data collected for OPN1MW show very little amino acid polymorphism in humans and no amino acid fixation between humans and chimpanzees (Winderickx et al. 1993; Deeb et al. 1994; Verrelli BC, unpublished data) , demonstrating the effects of strong purifying selection. However, OPN1MW copy number among humans is highly variable, with individuals having 1-5 copies (Sjoberg et al. 1998; Sharpe et al. 1999; Carroll et al. 2002) . Thus, population genetic parameters (as estimated in the current study) would be inappropriate because assumptions of homology for OPN1MW gene copies among individuals would be invalidated. As previously discussed, humans rarely show evidence for OPN1LW duplications (Sjoberg et al. 1998; Verrelli and Tishkoff 2004 ); yet, there has been no published study of OPN1LW copy number variation in other primates. In general, studies of copy number variation have only recently shown the magnitude of this diversity within and between human and chimpanzee genomes (Cheng et al. 2005; Perry et al. 2006; Redon et al. 2006) . In an additional study, we have examined copy number variation at the Xlinked opsin region in 30 human and 30 chimpanzee males with a high-resolution microarray-based comparative genomic hybridization platform comprised of ;385,000 Xchromosome oligonucleotide probes (median spacing 5 347 bp; Perry GH, unpublished data). These data suggest that single X chromosomes in humans are variable not only for the number of OPN1MW gene copies but are also consistent with some individuals having more than one OPN1LW copy. In contrast, there was not a single chimpanzee X chromosome with copy number variation of either opsin gene, which confirms our PCR results in showing no OPN1LW heterozygous sites within chimpanzees. Interestingly, this contrasting copy number variation between humans and chimpanzees may indicate yet another level upon which selection differentially acts within species at X-linked opsin genes.
The global human analysis by Verrelli and Tishkoff (2004) first proposed that human OPN1LW replacement SNPs may be explained by historical balancing selection for spectral tuning. For example, the amino acid variant at residue 180 in humans that reaches frequencies ;30% in Africans ( fig. 1 ) but which is not found in chimpanzees has been hypothesized to shift L-opsin k max further into the ''red/orange'' portion of visible light (Asenjo et al. 1994; Sharpe et al. 1998; Carroll et al. 2002) . As OPN1LW is X linked, balancing selection for heterozygotes would have only occurred in females and lead to ''tetrachromacy'' (blue, green, red, and red/orange opsins) as some have speculated (e.g., Jameson et al. 2001) . In New World monkeys, where only one X-linked opsin gene exists and males are dichromatic, balancing selection favors heterozygous females that carry two different functional alleles because it effectively makes them trichromatic. Therefore, although it is possible that further variation may be under balancing selection in female humans, it is interesting to question why this variation has not been adaptive in chimpanzees. It is possible that this color vision variation only recently became adaptive for sex-specific behavior in human hunter-gatherer societies, especially for the need to distinguish among colored fruits and other food items on shaded backgrounds (Mollon et al. 1984; Dominy and Lucas 2001; Regan et al. 2001; Lucas et al. 2003; Surridge et al. 2003) .
Finally, it has been proposed that sexual selection and mate recognition may have further shaped red color vision intraspecific variation (Fernandez and Morris 2007) . Thus, specifically L-opsin spectral tuning may be responsible for adaptive changes in behavior among populations. This hypothesis is strengthened by the functional opsin variation between African and non-African populations as evidenced by the significant differences in L-opsin amino acid haplotype frequencies (Verrelli and Tishkoff 2004) and L-to M-opsin expression ratios (McMahon et al. 2008) found between these two groups. As our molecular population genetic analyses of other closely and distantly related primates continue (e.g., Perry et al. 2007 ), we can reveal how color vision became phenotypically unique during human and primate evolution in general.
